The variation in the proportion of the DNA coding for ribosomal RNA in three flax genotrophs, and the inheritance of this proportion in crosses between them were determined. DNA variation was observed and lines could be selected from within a genotroph with differing proportions of rDNA. The degree of variation increased when the genotrophs were crossed, the extent of the increase being dependent on the particular genotrophs involved in the cross. The variation extended into the F2 and F3 generations. The mean values of F2 and F3 families were not highly correlated with the value of the parental plant from which they were derived. In one cross the F2 and F3 means were close to the average value of the two parents involved in the original cross. In the other cross, the Fl, F2 and F3 means were all less than the average value of the two original parents.
INTRODUCTION
HERITABLE changes can be induced in some flax varieties when they are grown in certain environments (Durrant, I 962a, 1971 ). The initial observation was that stable forms differing in plant weight (large, L and small, S genotrophs) were produced in subsequent generations following the growth of the original variety (plastic, P1) in particular environments. The two stable genotrophs then behaved as genetically distinct lines in most aspects.
In addition to the difference in plant weight, the two stable genotrophs differed from each other and P1 in a number of properties. L was taller than S but shorter than P1. L had 16 per cent more nuclear DNA than S with P1 having an intermediate amount (Evans, Durrant and Rees, 1966) . P1
and S have hairy septa of the seed capsule while L has hairless septa (Durrant and Nicholas, 1970) . L and P1 have been shown to have similar numbers of ribosomal RNA cistrons while S has a reduced number (Timmis and Ingle, 1973, 1975; Cullis, 1975 Cullis, , 1976 . The isozyme band pattern of peroxidase and acid phosphatase has been shown to be different between L, S and P1 (Cullis and Kolodynska, 1975) .
Under certain circumstances the induced changes in the genotrophs have been shown to be unstable (Durrant and Jones, 1971; Joarder, Al-Saheal, Begum and Durrant, 1975) . As a result of this, lines have been produced which were no longer identical to any of the L, S or P1 genotrophs.
In particular a small genotroph was formed which had 30 per cent fewer ribosomal RNA cistrons than any of the other small genotrophs (Cullis, 1976) .
The hybrids between L and S genotrophs appeared to be genetically unstable for certain characters. For plant weight the Fl of such a cross showed increased variation and a similar phenomenon was observed among 42/2-H the F2 families (Durrant, 1962b) . Instability was also observed for the capsule septa hair number in crosses between L and S (Durrant and Nicholas, 1970; McLellan and Durrant, 1973) . However, the isozyme band pattern for peroxidase showed dominance for the L pattern in the Fl in crosses between L and S and segregated approximately 3: 1, L: S type in the F2 (Cullis, 1977) .
A model to account for the observed events in the induction of environmental changes in flax has been proposed (Cullis, 1977) . One of the predictions made from this model was that there should be changes in the number of copies of particular DNA sequences in the hybrid nucleus formed by crossing genotrophs. If the ribosomal RNA genes are affected, then variation for these genes should be observed in crosses between genotrophs. In this study the inheritance of the amount of DNA coding for ribosomal RNA (rDNA) was determined in crosses between three genotrophs with differing rDNA amounts. The genotrophs used were L and S, the large and small types originally induced by Durrant (Durrant, 1 962a ) and L6, a line which was derived from L but which has plant weight and height similar to S. The aim was to determine whether or not there was variability in the rDNA amount and, if variability was observed, whether or not the extent of the variability was dependent on the particular genotrophs involved in the crosses.
MATERIALS AND METHODS (i) Plant material
The genotrophs L, S and L have been described elsewhere (Cullis, 1976 (Cullis, , 1977 . Plants were grown singly in pots in a controlled environment cabinet at 20°C with a 16 hour/8 hour, light/dark cycle. Crosses were made between plants with the particular pollen parent plant noted in each case. The genotrophs have been inbred for a large number of generations (at least 11 generations for L and S, and eight generations for L6).
(ii) DJVA preparation Total DNA was prepared from leaves by grinding in 3 x SSC, 0lM EDTA, pH 80, 01M Na-diethyldithiocarbamate (2 ml/g tissue) and then adding sodium lauryl sulphate to 1 per cent (w/v). The mixture was shaken with an equal volume of chloroform-isoamyl alcohol (24: 1, v/v) for 10 minutes. The aqueous layer was removed after centrifugation at 2500g for 10 minutes and the DNA spooled following the addition of two volumes of ethanol. The precipitate was redissolved in 0.1 x SSC (SSC: 0l5M-NaCl, 00l5M-trisodium citrate, pH 7.2) and the solution made up to 1 x SSC. The DNA was purified by digestion of the preparation by deoxyribonuclease-free RNase (50 g/ml) and x-amylase (50 g/ml) for 30 minutes at 37°C, followed by digestion with pronase (1 mg/mI) for 1 hour.
The mixture was then deproteinised with chloroform-isoamyl alcohol and the DNA precipitated from the aqueous layer with two volumes of ethanol. Prior to hybridisation the DNA was purified by preparative CsCl centrifugation. Approximately 200 g DNA was centrifuged to equilibrium in CsCl (density 1.700 g cm3) at 40,000 r.p.m. for 44 hours at 25° in a Beckman 50 rotor.
rDNA IN FLAX 239 (iii) Preparation and fractionation of labelled RJ'TA Peas were surface sterilised and germinated under sterile conditions for 72 hours. The roots of the intact plants were then immersed in water containing 200 iCi/mI 8H-uridine for a further 72 hours. The root tips were cut off and homogenised in 3OmM-Tris, pH 99, 0l5M-NaC1, 05 per cent sarcosyl. The mixture was deproteinised with an equal volume of phenol! cresol (500 g phenol, 70 ml m-cresol, 05 g 8-hydroxyquinoline, 55 ml water) and the nucleic acids precipitated with 95 per cent ethanol containing 0. IM-sodium acetate, pH 55. The RNA was fractionated on 24 per cent polyacrylamide gels and the regions containing the two large ribosomal RNAs were sliced out and extracted separately with a medium containing 3 ml 01 5M-NaCl, 0.1 ml 10 per cent sodium lauryl sulphate, 0.1 ml bentonite (40-50 mg/mi) and 3 ml phenol/cresol solution. After centrifugation at 3000g for 10 minutes the aqueous layer was removed, extracted with ether and then used for hybridisation.
The specific activities (cpm/g RNA) of the RNA preparations used were 10,000, 10,700, 11,500 and 12,400. The denatured DNA was loaded on to a 13 mm HAWP millipore filter (14-22 jig DNA/filter). The filter was air dried and finally dried in an oven at 80°C for 2 hours before use. The DNA filters were incubated separately with the labelled RNA in 6 x SSC at 70°C for 4 hours in a volume of 1 ml, removed from the RNA and washed successively in 6 x SSC, three changes of 2 x SSC containing RNAse (10 jig/mi), and then dried at 80°C. The radioactivity bound was determined by scintillation counting with 2,4-diphenyloxazole (4 g/litre) + 1 ,4-di[2-(5-phenyloxazole)benzene] (0-25 g/ litre) in toluene. After counting, the DNA content of the filters was determined by acid hydrolysis (Brown and Weber, 1968) . Duplicate filters of each DNA were incubated in each experiment and all measurements were corrected for the background of filters lacking DNA, but which had been taken through all the stages of the hybridisation procedure. In the hybridisation reaction a 2: 1 mixture of the 1-3 x 106 daltons and 07 x 106 daltons rRNAs at 5 jig/ml was used as this had previously been shown to be above the saturation value (Cullis, 1976 The proportion of rDNA of L, S and L6 has been shown to be different (Cullis, 1976) . The proportion of rDNA in the DNA extracted from single plants is shown in figs. 1 a, b and 2a, b. These plants were grown from seed from the same plant as that used to generate the crosses also shown in figs. I (Cullis, 1976) , while the mean value for L6 was greater than that previously obtained.
The extent of the variation due to the experimental technique was determined by making at least two independent DNA preparations from a number of single plants, and by using different rRNA preparations to hybridise to the same DNA preparation. For all three genotrophs used here, the variation between plants was significantly greater than that which the values are spread tends to the mid-parent value of the two lines involved in the cross, rather than being closely correlated with the value of the plant from which the family is derived.
(iii) rDJ'TA inheritance in a cross between L and L6
The cross between L and L6 was made (using the same L plant as that used in the cross between L and S) and the proportion of rDNA in the progeny estimated as described for the cross between L and S. Once again no reciprocal differences were observed so the data for the Fl values were fig. 2 d-f . It can be seen that the F2 families show a similar variation to that observed in the Fl with the F2 family means being more similar to each other than the values of the respective plants from which they were derived. The F2 family means were all lower than the value of (L + L6). For the family shown in fig. 2f , no F2 plant had a proportion of rDNA as high as the lowest value observed for L; that is no member of that F2 family would have been classified as L on rDNA alone.
Two families of F3 plants were grown from two of the low rDNA lines of the F2 family shown in fig. 2f and the rDNA of 10 individual plants determined. The means of these families are shown in table 4. It can be seen that the means were again approximately the same as the Fl mean and were not close to the value of the F2 plant from which they were derived.
The results obtained from the two crosses show both similarities and differences. In both crosses there is a wider range of rDNA values than expected in the Fl. In subsequent generations the family means tended to be more similar to the mean of the two lines used in the cross than to the value of the plant from which they were derived.
The results of the two crosses differed from one another in the extent of the variation in the Fl and subsequent generations, and in the distribution of the means of the families. The variation in L x L6 was less than that in L x S in both the Fl and 4. Discussion The number of ribosomal genes per nucleolar organiser has been shown to vary in many plant species, including flax (Cullis, 1976) , Zea mays, (Phillips, Wang, Weber and Kleese, 1973) , Pisum sativunz (Cullis and Davies, 1975), wheat (Flavell and Smith, 1974; Liang, Wang and Phillips, 1977) , hyacinth (Timmis, Sinclair and Ingle, 1972) and Allium cepa (Maggini, Barsanti and Marazia, 1978) . The results for the three flax genotrophs reported here show that rDNA variations can occur within the progeny of a single inbred plant. The genotrophs involved in this study all have a history of instability. Flax and linseed lines not susceptible to environmental induction have not been studied and it remains to be seen whether they would show similar variation in rDNA amount between generations of a given inbred line.
Not only did the proportion of rDNA vary between generations, but the values obtained for the F I plants showed that variation could occur within a generation and that the amount of variation observed was not necessarily the same in all lines. The variation in the Fl of the cross between L and S was greater than that for the cross between L and L6. Thus the extent of the variation, and the mean about which the values were distributed, was dependent on the particular genotrophs involved. In Drosophila melanogaster where rDNA variation has been observed, the extent of the variation, and even whether any change occurred at all, was dependent on the particular genotypes involved (Zuchowski and Harford, 1977) .
The pattern of segregation in crosses between genotrophs of plant weight (Durrant and Tyson, 1964) , capsule septa hair number (Durrant and Nicholas, 1970) and acid phosphatase isozyme band pattern (Cullis, 1979) cannot be explained on a simple Mendelian model. In the case of plant weight, the F1 of crosses between L and S show an immediate breakdown of stability and a range of plant weights is observed. In th F2 there is a positive correlation between the weights of the F1 plants and the F2 family means (Durrant and Tyson, 1964) . Variation in the capsule septa hair number occurs in the F1, F2 and F3 generations of a cross between L and S (Durrant and Nicholas, 1970) . The acid phosphatase isozyme band pattern shows dominance for the L pattern in the F1 in crosses between L and S and L and L6, but the segregation observed in the F2 cannot be explained on a simple Mendelian model (Cullis, 1979) . The peroxidase isozyme band pattern is the first character, which is susceptible to environmental induction, whose segregation in crosses between genotrophs can be explained on a simple Mendelian model (Cullis, 1979) .
The question arises as to the mechanism by which the changes in the rDNA occurred, and whether the same mechanisms were responsible for both the changes observed within the genotrophs and those in the crosses. Two possible mechanisms for changing the number of ribosomal cistrons are unequal crossing-over (meiotic and/or mitotic) and the increase/loss of extrachromosomal copies. Both these mechanisms have been proposed to explain rDNA changes in Drosophila melanogaster. Unequal crossing-over has been proposed by Tartof (1974) to explain the occurrence of "rDNA compensation ". In this case the compensation was a somatic event which occurred during the ontogeny of a single generation. Meiotic unequal crossing-over at the rRNA locus has also been proposed as a source of quantitative genetic variation in the same organism (Frankham, Briscoe and Nurthen, 1978) .
Extrachromosomal copies of rDNA have been proposed to occur during the magnification of the bobbed locus (Ritossa, 1972) . In certain combinations of X chromosomes, extrachromosomal copies of the rDNA have been shown in diploid somatic cells in Drosophila melanogaster (Zuchowski and Harford, 1977) . Whether any of these mechanisms occurs in flax cannot be determined from the data presented here. However, a model of the environmental induction of heritable changes has been proposed (Cullis, 1977) in which DNA changes occur via an extrachromosomal intermediate, and the rDNA variation reported here may take place by the same mechanism. The rDNA of the genotrophs and crosses is being examined to determine whether extrachromosomal copies do occur.
The ribosomal genes account for only a small portion of the DNA involved in the induction of heritable differences in flax where differences between lines can be up to 16 per cent of the total DNA. The function(s) of the remainder of the DNA involved is not known and therefore not as amenable to analysis as the rDNA. Thus an understanding of the mechanisms behind the rDNA variation is being sought to provide a possible model for the basis of the changes in the remainder of the DNA involved.
